Archaeocete whales of the subfamily Dorudontinae (Cetacea, Basilosauridae) show strong evidence of having replaced upper and lower 1st deciduous premolars with permanent teeth late in their dental eruption sequence. This situation is rare in modern mammals, many of which have no teeth in the 1st premolar position or which retain a deciduous tooth in the 1st premolar position that is not replaced. Evidence for replacement of deciduous 1st premolars in dorudontine archaeocetes comes from both juvenile and adult specimens of Dorudon atrox from Egypt and Zygorhiza kochii from North America. Replacement of deciduous 1st premolars by permanent teeth may have been precipitated by a general delay in skeletal maturation found in cetaceans, which allowed dental development to proceed for a longer period of time than is generally available for most mammals.
Replacement of the deciduous 1st premolar with a permanent counterpart is a rare condition in recent or fossil mammals. Among living mammals, the only genus in which the 1st premolar is replaced regularly is the perissodactyl Tapirus (Simpson 1945; Ziegler 1971) . Ziegler (1971) concludes that reports of 1st premolar replacement in other living mammals are rare anomalies or misidentifications of teeth that appear to be replacing dp1. Among fossil mammals, 1st premolar replacement has been reported in a number of ungulate orders, including Litopterna, Notoungulata (both extinct, from South America), Artiodactyla, Perissodactyla, and Cetacea. Ziegler (1971:243) specifically listed the archaeocetes Zygorhiza, Prozeuglodon, and Basilosaurus as ''seeming to possess a successor first premolar'' and then concluded that for all of these groups, including archaeocetes, evidence for premolar succession was, at best, weak.
Dental evolution in cetaceans has fol-* Correspondent: muhen@cranbrook.edu lowed multiple paths to conditions seen in living species. Members of the suborder Mysticeti have lost teeth all together (although they develop embryonic tooth buds -Karlsen 1962) , and although some members of the suborder Odontoceti have greatly increased the number of teeth over their ancient ancestors, others have few or no teeth at all, probably reduced from a polydont condition (Fordyce 1982) . Members of the Mesonychia (ϭAcreodi-McKenna and Bell 1997), the ancestors or sister group of cetaceans (Geisler and O'Leary 1997) , have a dental complement consisting of 3 incisors, 1 canine, 4 premolars, and 3 molars (Zhou et al. 1995) . Taxonomy of early cetaceans is briefly outlined in Table 1 . Mesonychians probably used their teeth to crush hard parts of prey items and shear flesh (Szalay 1969) . Early archaeocete whales have the same number of teeth in each field as mesonychians (Gingerich and Russell 1990; Gingerich et al. 1995) , and these teeth have some characteristics of me- (Uhen 1998) . Although it is not often cited as such, the 1st use of the term Odontoceti is credited to Flower (1869) and the 1st use of Mysticeti is credited to Cope (1891) because these authors are the first to use these terms in their modern forms. Cope (1891:69) sonychian teeth (Gingerich and Russell 1990; Van Valen 1966) . Later archaeocete (basilosaurid) teeth are quite different from those of early archaeocetes, having lost the protocone and lingual root on the upper molars, lacking a distinct talonid basin on the lower molars, and having developed multiple accessory denticles on upper and lower cheek teeth. Basilosaurids (including dorudontines) also have lost the 3rd upper molar. Some of these features can also be seen in teeth of early odontocetes (Fordyce 1994) and mysticetes Sanders 1996a, 1996b; Barnes et al. 1994) , but the dentition is later greatly reduced or modified in both groups.
One of the many intriguing aspects in the evolution of cetacean dentitions is the apparent replacement of the 1st deciduous premolar in middle to late Eocene dorudontine archaeocetes. This condition was first noted by Kellogg, who included a drawing of a specimen of a juvenile Zygorhiza kochii (Fig. 1; Kellogg 1936:128, figure 38 ) that had died while the permanent teeth were erupting. Kellogg (1936) described the presence of both a dp1 being resorbed and a p1 erupting in the accompanying text, but since that time, there has been no discussion of the evidence for 1st-premolar replacement in archaeocete whales. Clarification of this condition in other archaeocete taxa could be relevant to phylogenetic questions, to simple identification of individual teeth not found in place in the jaw, and to understanding the origin of polydonty in modern suborders of cetaceans. Zygorhiza, Prozeuglodon, and Basilosaurus were discussed in detail by Kellogg (1936) . Zygorhiza still has essentially the same taxonomic status used by Kellogg (1936;  see also Uhen 1998; Table 1 ). The material that Kellogg (1936) described as Prozeuglodon is now assigned to 2 different genera as Dorudon (Prozeuglodon) atrox and Basilosaurus isis Uhen 1996 Uhen , 1998  Kellogg (1936:128, figure  38 ). Note how he positioned the presumed dp1 over the erupting permanent p1. Teeth assigned to incisor positions are most likely incorrectly assigned. study are listed in Appendix I and are housed at the Naturmuseum Senckenberg, Frankfurt am Main (NSFM), the Natural History Museum, London (NHML), and the University of Michigan Museum of Paleontology, Ann Arbor, Michigan (UM).
A wide range of ontogenetic ages were represented in the sample of specimens studied. Ontogenetic age was determined using dental eruption sequences, tooth wear, and epiphyseal fusion. Older individuals have more permanent teeth erupted, more wear on permanent teeth, and fewer open sutures between adjacent cranial bones or epiphyses and diaphyses.
Dental eruption sequence.-Dental eruption in mammals provides a sequence of events in individual development that can be linked to other life history parameters. Dental eruption is a stable indicator of maturation (Smith 1989 ) that can be compared with other measures of growth, such as epiphyseal fusion and size increase. Modern cetaceans have abandoned primitive mammalian tooth replacement altogether, with mysticetes developing tooth buds in utero that are subsequently resorbed (Karlsen 1962) and odontocetes developing only a single set of unreplaced teeth. Odontocetes also lack differentiated dentitions characteristic of most mammals; thus, no dental eruption sequence can be developed for modern cetaceans. Archaeocetes, however, are diphyodont and retain differentiated dentitions. Thus, a dental eruption sequence can be determined from multiple individuals that died in various stages of dental development.
Because sexual maturity cannot be determined directly from fossils, another criterion that can be preserved in the fossil record can be used to separate juveniles from adults. Many mammalian paleontologists have used completion of eruption of the permanent dentition to indicate maturity, and this criterion is adopted here. Specimens in which permanent teeth were erupting at the time of death were considered juveniles and those with all permanent teeth erupted were considered adults.
Osteological fusion.-Specimens of Dorudon atrox that died while epiphyses were fusing to diaphyses and cranial sutures were closing were examined to determine maturity at the time of death. Individuals that showed more sutures closed were assumed to be more mature than those with fewer sutures closed. The sequence of fusion of sutures was compared to the sequence of fusion in modern cetaceans. Also, maturity of specimens as determined by fusion stage was compared to the maturity of specimens based on dental eruption.
RESULTS
Dental eruption sequence.-One specimen of Dorudon atrox (UM 100139) died TABLE 2.-Dental eruption of dorudontine individuals. Specimens are listed in the 1st column in order of age at death from youngest to oldest as determined from their dental eruption sequence. Specimens USNM 4748, USNM 16639, and MMNS 80.07.V.01 are Zygorhiza kochii; all others are Dorudon atrox. Teeth are listed across the 1st row in order that they erupt as determined from these individuals. Each cell indicates the status of each tooth in each individual using the following code: 0, not present; 1, forming in the crypt; 2, less than one-half of the crown erupted; 3, greater than one-half the crown erupted; 4, erupted. A dash indicates that the tooth is not preserved in the specimen. 
while upper 1st molars and 1st deciduous premolars were erupting. This individual lacked lower jaws, so the state of its lower dentition was not known. Another individual that did not have any teeth preserved appeared to be younger than UM 100139 based on the stage of fusion of cranial bones.
The only dental eruption sequence that has been published for an archaeocete whale is that of Zygorhiza kochii (Kellogg 1936 ). Kellogg listed a tentative eruption sequence as follows (with upper and lower teeth erupting at the same time): m1, m2, m3, p4, i3, p3, i2, i1, p2, p1, c1. This dental eruption sequence was constructed from a single specimen (USNM 16639) listed as number 19 on Kellogg's (1936:105) 
Many specimens of D. atrox and a few of Z. kochii had a mixture of deciduous and permanent teeth preserved (Table 2) . A partial dental eruption sequence and relative ages were determined from these individuals by comparing the eruption status of individual teeth and multiple teeth. For example, an individual that died while it was beginning to erupt a tooth was considered to have died at a younger age than another individual that died while completing eruption of the same tooth. Likewise, an individual that was known to have a given tooth completely erupted and another given tooth unerupted, was considered to have died at a younger age than another individual that had both teeth erupted.
Only 1 individual revealed a portion of the eruption sequence of the deciduous dentition. UM 100139 has dP1 and M1 partially erupted. Molars were the 1st permanent teeth to erupt. The corresponding upper molars erupted about 1 tooth position later than the lower molars, but in the same sequence. The dental eruption sequence deduced for Dorudon and Zygorhiza is shown in Table 3 .
The skull of a single juvenile individual (UM 93220) was investigated using computed tomography to observe developing teeth. This individual had m1 and m2 erupted, m3 just beginning to erupt, and p4 developing in the crypt. In the upper dentition, M1 is erupted and M2 is erupting. The very tip (about 15 mm of crown height) of permanent I1 could be seen developing in the crypt. The computed tomography scan was somewhat difficult to interpret due to scattering of x-rays by barite permineralization. Despite this difficulty, it appeared that P4 was not yet developing in the maxilla, and no other premolars were likely to be developing. In D. atrox and Z. kochii, upper and lower molars erupt from m1 to m3, premolars erupt from p4 to p1, and incisors plus the canine erupt from i1 to c1, although it was not clear how the premolar and incisors plus canine sequences overlap. This dental eruption sequence for D. atrox is consistent with Kellogg's (1936) determination of the eruption sequence of Z. kochii, except that he thought the anterior dentition erupted from back to front. Kellogg's (Fig. 1; Kellogg 1936:128, figure 38 ) figure of USNM 16639 correctly showed that the specimen was missing the entire premaxilla; thus, the identification of ''I3'' was based only on Kellogg's interpretation. Neither left nor right dentaries of this specimen were preserved entirely intact. The ''i3'' and ''di1'' were found out of the dentary, so their identification may not be correct. The conditions found in D. atrox suggest that Kellogg's (1936) reconstruction of the dentary of Z. kochii was probably wrong. In D. atrox, the i1 alveolus was much closer to the i2 alveolus than was shown for Z. kochii. The di1 of D. atrox (based on my interpretation of an isolated tooth) also was tiny compared with the other deciduous incisors, much smaller than the tooth identified as the di1 of Z. kochii by Kellogg (1936) . Development of the I1 crown in specimen UM 93220 and the state of eruption of i3 and c1 in USNM 4748 suggested that the incisors plus the canine erupt front to back rather than back to front.
In addition to p1, USNM 16639 showed a number of other teeth in the process of eruption at the time of death. The dentary showed that p3 was almost entirely erupted. The p2 was the next highest tooth, followed by p1 and c1. Another specimen of interest was USNM 4748, a left dentary of Z. kochii. Although the area around the p1 position was damaged and no tooth was present, other premolars were present that helped to determine the dental eruption sequence of dorudontines.
Osteological fusion.-Specimens of Dorudon atrox showed that bones of the cranium tended to fuse from posterior to anterior. A very young individual (UM 100142) that had the exoccipitals free from the supraoccipital shows that the 1st sutures to close are those between the various occipital bones and the supra-and exoccipitals to the parietals. Fusion proceeded anteriorly, such that the next suture to close was the frontal-parietal suture. It was unclear when sutures on the basicranium and lateral side of the cranium, such as the squamosal-alisphenoid suture, closed be-cause of the difficulty of finding these sutures. The last set of cranial sutures to close are those between the nasals, premaxillae, and frontals. A recent study showed that many of the same cranial sutures listed here for D. atrox all closed in about the same order in the modern phocoenid Phocoenoides dalli (Yoshida et al. 1994) .
Complete vertebral columns were not known from juvenile individuals. One of the youngest individuals known (UM 100142) included an atlas vertebra with the dorsal arch unfused. No other vertebrae were known from this individual. A slightly older individual (UM 94814) included all cervical vertebrae and a single neural arch from an anterior thoracic vertebra. The laminae of the dorsal arch of the atlas were fused, and all arches and epiphyses were fused to the vertebral bodies of C1-C7. The thoracic neural arch was not fused to the vertebral body, and the bases of the pedicles had a spongy surface indicative of a cartilaginous articulation. Thus, at least some of the thoracic neural arches fused to the bodies after the cervical epiphyses fused. What is known about the fusion of vertebral epiphyses from these and other individuals was consistent with what is known from modern cetaceans. Yoshida et al. (1994) found that Phocoenoides dalli vertebral epiphyses fused from the anterior and posterior ends of the column, with fusion proceeding from both ends toward the middle of the column. This pattern of fusion of the vertebral epiphyses from both ends of the column was also found in Balaenoptera acutorostrata (Kato 1988) .
Fusion stages of the forelimb are virtually unknown. A presumably young individual (UM 94807) included a distal ulna with an unfused epiphysis and a proximal humerus. The proximal epiphysis of the humerus appeared to be partly fused to the diaphysis. All other forelimb bones known were from adults. In adults, the humeral head and distal ulnar and distal radial epiphyses were fused to their respective diaphyses. In adult specimens except one, a fusion line was visible on the distal ulna and radius and the proximal ulnar (olecranon) epiphysis was fused to the shaft. In one exceptionally old individual (UM 101215), the proximal ulnar epiphysis fused to the olecranon process and the distal ulnar and radial fusion lines were obliterated. This individual also had highly worn teeth, which was consistent with it being a very old individual.
First premolar replacement in Dorudon atrox.-Unlike most mammals that have 1st premolars, both the upper and lower deciduous 1st premolars (dP1 and dp1, respectively) were replaced in D. atrox. No individual specimen had both deciduous and permanent teeth in either the upper or lower 1st premolar position, but there were teeth with 2 different morphologies in the upper and lower jaw in the 1st premolar position in different specimens of D. atrox. Subadult individuals (based on dental eruption stage of epiphyseal fusion stage) had the presumed deciduous 1st premolar tooth, whereas adults had the presumed permanent 1st premolar tooth.
The presumed deciduous 1st upper premolar ( Fig. 2A) was larger than the presumed permanent P1, had a single mesiodistally elongated root, and was multicusped. It had a large apical cusp and a strong mesiodistal midline ridge. The mesial edge had a variable number of small accessory denticles, usually 2-4, and the distal edge had 2-3 large accessory denticles and a variable number of smaller denticles similar in size to the mesial accessory denticles.
The P1 was observed in entirety from a single specimen, NSFM 4451 (Fig. 2B) , although the root of P1 is known from specimen UM 101222. Both P1s were slightly damaged in NSFM 4451 but apparently had no accessory denticles on their mesial or the distal edges. The teeth were rather small and peg-like, without much apparent curvature. The crowns were conical, and the teeth each had a single root. The root of the 1st premolar in specimen UM 101222 was smaller than the root of I3 or the canine, and this condition was also present in NSFM 4451.
The presumed dp1 had a single root, a strong mesiodistal midline ridge, no accessory denticles (or at most very tiny serrations) on the mesial edge, a tall central cusp, and 2 well-developed accessory denticles on the distal edge (Fig. 2C) . The presumed p1 was buccolingually compressed and had 2 separated roots (Fig. 2D) . The distal root was slightly larger than the mesial root. The roots met just below the crown. The p1 was the most mesial lower tooth that had accessory denticles. The crown was dominated by a large central cusp. The mesial edge of the tooth had 1 small accessory denticle and some additional fine serrations near the base of the crown. This tooth had a midline ridge running up the mesial face of the central cusp. The midline ridge continued down the distal edge of the central cusp and was finely serrated near the distal accessory denticles. There were 2 accessory denticles on the distal edge of the tooth, in addition to a moderately developed distal cingulum.
First premolar replacement in Zygorhiza kochii. -Kellogg's figure (Fig. 1; Kellogg 1936:128, figure 38 ) of Z. kochii showed replacement of dp1. Kellogg's interpretive illustration of dp1 and p1 seemed basically correct (cf. Fig. 1 with the composite photograph of the dentary in Fig. 3) , except that the dp1 was found loose, not in the jaw. I think that Kellogg properly identified dp1 because the root of the tooth in question was in the process of being resorbed while the crown of permanent p1 was forming in the crypt. The shape of the resorbed area fit onto the crown of the developing p1 well.
Z. kochii specimen MMNS 80.07.V.01 further elucidates the replacement of p1 in dorudontines. This specimen was an adult, based on the presence of a complete set of permanent teeth and the advanced stage of epiphyseal fusion of the skeleton. On the right side of the dentary, abutting the mesial margin of p1, appeared to be a remnant of a deciduous tooth, presumably the mesial portion of dp1 (Fig. 4) . This remnant was probably a retained deciduous tooth rather than a supernumerary tooth because the distal margin was partially resorbed along the mesial margin of p1. No other remnants of deciduous teeth were present in either the upper or lower dentitions, and there was no evidence of infection, injury, or other illeffects of the retention of this portion of the right dp1. men USNM 16639 shows a tooth erupting in the p1 position, as well as a presumed dp1. In D. atrox, some specimens that are ontogenetically younger than USNM 16639 have teeth fully erupted in the p1 position. If a tooth was in the process of erupting at the time of death of USNM 16639, it must have been replacing a previously erupted tooth (dp1), such as those found in the ontogenetically younger specimens of D. atrox. Third, a single specimen of Z. kochii has a fully erupted permanent dentition, along with a portion of a previously erupted tooth adjacent to the mesial margin of right p1. There is little doubt that this portion of a tooth was in place before eruption of p1, because the distal margin of the tooth had been resorbed. Presence of this previously erupted tooth might be an anomaly, but if the previously erupted tooth is interpreted as dp1, the only anomaly is that a portion of the tooth was not resorbed or shed when p1 erupted.
There are 3 possible historical paths to explain development of 1st premolar replacement in dorudontine archaeocetes. The 1st is that the condition was retained from primitive ancestors. Unfortunately, the published record of fossils does not elucidate if the 1st premolar was replaced in mesonychians. Ziegler (1971) indicated that 1st premolar replacement was found in a number of taxa scattered within the Ungulata (including Cetacea, sensu McKenna and Bell 1997), but it is unclear if these taxa retain the primitive condition of an ancestral ungulate or have redeveloped this con-dition. Another possibility is that the adult 1st premolar re-evolved de novo. This seems unlikely because both 1st premolars share characteristics with the adjacent 2nd premolars, suggesting that these teeth are serially homologous. The 3rd possibility is that dental development in dorudontines has been extended such that the 1st premolar is replaced at the end of the dental developmental sequence. If this sequence was truncated before replacement of the 1st premolar in an ancestor of dorudontines (progenesis) and this dental developmental sequence was conserved, the 1st premolar may have been regained by extension of the retained dental developmental sequence (hypermorphosis).
Dental eruption sequence has been correlated with rate of development in recent mammals. According to Smith (1992) , dental eruption in mammals is always completed before epiphyseal fusion, whereas sexual maturity can occur before dental maturity, between dental maturity and skeletal maturity, or after skeletal maturity. Mammals that achieve sexual maturity after dental and skeletal maturity tend to live fast and die young, whereas mammals that achieve sexual maturity before dental and skeletal maturity tend to live slow and die old (Smith 1992) . In modern cetaceans, dental maturity is achieved before sexual maturity, and sexual maturity is achieved at a much earlier age than skeletal maturity (e.g., Ito and Miyazaki 1990) , placing them in the middle of the spectrum along with the bear, Ursus americanus (Smith 1992) . Despite this, cetaceans are generally reported to mature rapidly and live long (Bryden 1972) .
In archaeocete whales, dental eruption is complete long before the skeleton is fully mature, as might be expected if archaeocetes follow the same developmental sequence as modern cetaceans. An extended period of time between completion of dental eruption and skeletal fusion is indicated in archaeocetes by many adult individuals having various stages of tooth wear but incomplete skeletal fusion.
Based on these results, 1st premolar replacement might be more broadly distributed in the subfamily Dorudontinae, the family Basilosauridae, or the suborder Archaeoceti, depending on where in archaeocete phylogeny hypermorphosis of dental development originated. Although specimens of juvenile individuals are rare in species of archaeocetes other than Dorudon atrox and Zygorhiza kochii, they are not completely unknown. Study of these specimens, along with their adult counterparts will help determine the taxonomic distribution of 1st premolar replacement.
